Abstract. We report on a polarization imaging device which probes a remote sample through a flexible standard single-mode fiber. Both polarized laser source and polarization analysis system are set on one side of the fiber, the object of interest being probed by the beam exiting at the opposite end. Phase retardation and polarization rotation angle due to either pure linear or pure circular birefringent targets can be measured. In addition, the degree of polarization of partially depolarizing targets is evaluated. The measurement method is based on two key points: (i) the compensation of the fiber birefringence effects over a round trip of the light by means of a miniaturized Faraday rotator set between the output fiber end and the target, (ii) the recording of a set of data operated when the polarization states of the light at the fiber input are varied, followed by a specific processing of these data. An experimental setup based on this process has been implemented. The method was assessed using calibrated birefringent targets, and polarization images of a large variety of targets were obtained.
Introduction
In general, polarimetry consists in the measurement of the changes in the optical field vector after transmission, reflection or backscattering by a scene or an object of interest (target). Based on polarimetry, polarization imaging techniques have been demonstrated to be powerful tools for indirect non destructive characterization of materials, as they provide informations on their surface and subsurface texture at the submicronic scale [1] . Among the existing techniques, more or less sophisticated,, measurement of the birefringence of the target and measurement of the degree of polarization (DOP) of the reflected light have attracted a lot of interest, in particular in biology where they were used for the characterisation of fibrillar tissues such as type I collagen [2] [3] [4] .
So far, all the polarization imaging techniques reported in the literature, even the simplest ones, require a precise knowledge of the polarization states of the beam which probes the target and of the light which is reflected by this target. Therefore, the insertion of a standard optical fiber between the source/detection system assembly and the target is not possible because the polarization state of the guided light is modified in an unknown manner all along the propagation in the fiber, on both the forward and backward way, due to the unavoidable intrinsic and extrinsic birefringence of the guide. Furthermore, the extrinsic birefringence may experience changes when manipulating the fiber. Thus, the overall birefringence of the fiber is likely to be time dependent in actual operating conditions, inducing uncontrolled variations of the polarization state at the output, even if the polarization state at the input remains unchanged. It is worth noticing that a polarization maintaining fiber can preserve the polarization state of a beam, only if it is linearly polarized in a direction parallel to one of the fiber neutral axis. In other words, even a polarization maintaining fiber does not allow determining the polarization state of an input field from measurements of the output radiation, in the more general situation.
The result of the above considerations is that targets to be characterized by polarization techniques must be directly accessible by the probe beam in free space. This constitutes a major drawback for many applications. In particular, in the bio-medical domain, in-vivo and in-situ polarization imaging of internal tissues is most of the time not possible, making biopsies necessary.
In this paper, we present a novel scheme allowing to perform polarization imaging through a flexible optical fiber. We first present the principle of the method imagined to reach this goal, and some results of numerical simulations achieved to validate this principle are reported. Then we describe the setup that we have implemented. Finally, we show and discuss some polarization images of targets which have been obtained with this device. Let us consider a remote polarization imaging system involving a standard single mode fiber. Both light source and detection-analysis system are set on one side of the fiber (called "proximal side"), the target to be characterized facing the opposite side of the fiber (called the "distal side"), as shown in the schematic of Figure 1 . The target is assumed to be free of diattenuation, as it is generally the case for fibrillar tissues. The principle of the method is based on (i) the cancellation of the effects of the fiber birefringence over a round trip of the light, (ii) and on a specific polarization analysis of the back guided beam, the target being probed by various polarization states. This method is depicted below.
Principle of the method and numerical validation
The beam from a laser source which is launched into the fiber is linearly polarized (electric field E i ). In order to fulfill the condition (i), light from the distal fiber output passes, on both its back and forth path, through a Faraday rotator inserted between the endface and the target. This non reciprocal component rotates the polarization state of the light from the fiber by a first 45° angle, and rotates the polarization state of the light from the target by another 45° angle, in the same direction in the laboratory system. Thus, it performs a passive selfcompensation of the fiber birefringence on a round trip, like in Faraday mirror configuration which is encountered for instance in fiber lasers or quantum cryptography [5, 6] . Finally, the beam is guided back to the input end (electric field E S ) and is analysed by a polarization analysis device (PAD) which will be further described. The aim of this device is to deduce the effect of the target on the probing beam (i.e. phase retardation due to linear birefringence, polarization rotation due to circular birefringence and/or partial depolarization) from the polarization state of the analysed beam.
A very simple case is that of a non birefringent non depolarizing target. Such a target preserves the polarization state of the incoming light, as a mirror does, and the polarization state analysed by the PAD is linearly polarized in the direction perpendicular to that of the input field E i , whatever the fiber birefringence. In other words, the detection of an unvariable polarization state perpendicular to that of the input field is the signature of a non birefringent target. However, in the most general case of a birefringent target, the polarization state of the light is modified between its two paths through the Faraday rotator. In that case, the polarization state which is analysed by the PAD depends not only on the searched target response, but also on the unknown polarisation state incoming on this target.
The Jones formalism was used in order to establish a connection between the analysed polarization states and the target effects. As developed in [7] , the Jones vector S E JJG describing the output field after a round trip in the complete de ice is given by [8] :
where i E JJG describes the linearly polarized electric field at The target is first assumed to be a purely linearly birefringent element inducing a phase retardation T between its birefringence main axes, T being the parameter to be determined. We show in Figure 2 some examples of polarization states at the output, computed for two given values of T (T= 30° and T= 120°), and for various random selections of M i and N i . As expected, the polarisation state at the output depends on the fiber birefringence but it can be noticed that the amplitude of the normalised component E S// always falls between 0 and a maximum value E S//max =sin(T/2) for 0<T<2S. Thus, the phase retardation T of the target can be deduced from the determination of E S//max . However, in 
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calculated K values, whatever the considered phase retardation within [0, 2S]. We have also verified that, for each T, max(K) obtained with only 20 selections of the random parameters is found to be equal to sin 2 (T) with an accuracy better than 1%. In practice, this allows a quick and accurate experimental determination of T through the measurement of max(K) over no more than 20 acquisitions.
The same calculations have been carried out considering a circularly birefringent target inducing a rotation of the incoming polarization state by an angle U. In this case the component E S// of the analysed field is found to be comprised between 0 and a maximum value equal to sin(U). Thus K c-max which is the maximum reachable value of the parameter K is K c-max =sin 2 (U). We also verified that, as for the linearly birefringent target, max(K) reaches K c-max with an accuracy better than 1% with only 20 selections of the random parameters.
A linearly birefringent target with a phase retardation T and a circularly birefringent target with a rotation angle U T are then characterized by the same value of K max . Figure 4 is a comparison of histograms showing the distribution of the K values in such a case. Two pairs of birefringences are considered : (T =78° ; U = 39°) and (T =134° ; U = 67°). The two corresponding histograms show that the distributions of the K values are significantly different for the linearly birefringent target and the circularly birefringent target. In particular, the fraction of the K values having a discrepancy with K max lower than 5% exceeds 30% in the case of the circularly birefringent target. It is only 20% in the case of the circularly birefringent target. This difference in the distributions of the K values can constitute a mean to discriminate between the two kinds of birefringences. This point and the case of both linearly and circularly birefringent targets remain under consideration in our laboratory. . T or U are now given by sin 2 (T)=K' max or sin 2 (U)=K' max , depending on the considered target, where K' max is the maximum attainable value of K'. The experimental set-up is described in Figure 5 . A linearly polarized beam from a CW laser diode (Oҏ = 830nm) crosses a polarization insensitive beam splitter (PIBS) and then a polarization scrambler before being launched in a 2 meters long standard single mode fiber (O c =750nm) The beam exiting at the distal fiber end is first collimated before passing through the miniaturized Faraday rotator, and is then focused onto the target under study. Part of the light that is backscattered by the target is collected by the focusing lens and coupled back into the fiber, after a second pass through the Faraday rotator. The backscattered radiation is guided up to the proximal face of the fiber where the exiting beam is sent to a polarization analysing device (PAD) by means of the PIBS. The PAD consists in a polarization beam splitter (PBS) and two detectors measuring the optical intensities I // and I A .
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Experimental setup
In order to implement the method, a set of parameter K should be measured and recorded when randomly changing the polarization state of the beam probing the target. This can be done by varying the birefringence of the fiber, for example by means of variable stress. A more convenient alternative consists in changing the polarization state of the light at the input end of the unperturbed fiber during the measurements. This can be achieved by means of an electrically driven polarization scrambler. In a very first implementation of the method, we simply used an assembly of two desynchronized rotating phase plates (O/2 and O/4 respectively).
The polarization states of the probing beam were analysed and displayed on a Poincaré sphere by means of a polarimeter (Meadowlark Optics -Polarview 3000). Figure 6 shows a typical exemple of the excursion of these polarization states on the sphere during one period of the polarization scrambler (at operational speed, one period durationa 1ms).
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For assessing the method, we used a calibrated birefringent target consisting in a Babinet-Soleil compensator (BSC) followed by a mirror. The analyzed beam is not depolarized by this target. In accordance, min(K) was found to be 0 (i.e. DOP=1), whatever the position of the BSC, and K'=K. Then, we have plotted in Figure 7 the curve of max(K) versus T, each max(K) being determined from a set of 50 acquisitions of K. For each T in the range [0, 2S], max (K) is in very good agreement with the expected value K max = sin 2 (T). Finally we performed images of different birefringent targets, with the proposed imaging setup. In this very first implementation we used a single optical fiber and moved the target in the focal plane of the probe beam. For each pixel of the image, the polarization states of the probe beam were rapidly varied by means of the polarization scrambler and the minimum and maximum values of K' among 20 acquisitions were recorded. Obviously, in a more advanced and operational version, the target must be fixed and must be scanned by appropriate existing devices, located on the distal side: piezoelectric driven resonant oscillation of a fiber cantilever [9] or MEMS scanning mirrors [10] , for example. A fiber bundle made of thousands of optical cores associated to standard proximal scanning could also be used [11] .
Description of some polarization images performed with the setup
A first target was made of two layers of transparent non depolarising linearly birefringent films which were partially superimposed on a metallic support, with their fast axis either parallel (Figures 8a and 8b) or perpendicular (Figures 8c and 7d) . Figures 8a and 8b are classical intensity images of the targets where the film layers are not easily discernible and where no information on the relative orientation of the neutral axis can be obtained. On the contrary, the film layers appear with a strong contrast in the polarization images performed with our experimental setup (Figures 8c and 8d) . In these images, the background metallic plate which behaves like a mirror neutral towards polarization. As predicted, it is associated to measured max(K'), denoted K' max_mes , = 0 (external black zones). On the one hand, when the fast axes of the superimposed layers are parallel, the phase retardation is twice that of a unique layer, resulting in a corresponding increase of K' max_mes (blue region of Figure 8c ). On the other hand, the superposition of two layers with their perpendicular fast axes leads to the cancellation of the overall phase retardation and the value of K' max_mes is zero (black central region of Figure 8d ). Then we realized images of biological tissues samples. Figure 9 displays images of a rat tendon sample prepared with a microtome in order to obtain a constant thickness. Figure 9a is an intensity image where one can distinguish the fibrillar structure of the tissue, essentially constituted of birefringent type I collagen fibrils. The corresponding polarization image of Figure 9b , confirms that the sample is birefringent and that it introduces a quite uniform phase retardation, measured through a quasi constant K' max_mes value ((K' max-mes a 0.2). Let us note that min(K') is found to be a0 over the whole sample, denoting that the sample introduced no depolarisation of the probe beam, probably because of its very small thickness.
We also performed images of a pig tendon sample, parts of which being degraded by means of preliminary chemical attack with sulfuric acid drops. In the polarization image depicted Figure 10b , one can clearly see two types of zones which have been delimited by dotted lines on the figure. Red regions corresponding to high K' max_mes are regions with higher birefringence, signature of an organized fibrillar structure. Regions with lower K' max_mes (blue zones) exhibit lower birefringence, which indicates that the collagen fibrillar structure has been degraded. On the contrary, in the corresponding intensity image (Figure 10a ) the healthy zones and the degraded zones cannot be easily discriminated.
Conclusion
In this paper, we describe and analyse a novel technique making polarization imaging compatible with endoscopy. That is of interest in particular for in-vivo in-situ polarization imaging of internal body tissues and for early diagnosis of diseases. In this new scheme, linear or circular birefringence of materials and degree of polarization of reflected light can be separately measured through a flexible optical fiber. The uncontrolled birefringence of the optical waveguide is compensated thanks to a small-size Faraday rotator and the polarization effect of the target is recovered by means of specific data processing. The method was validated using a calibrated birefringent target. Then polarization images of transparent birefringent films were performed and discussed. Preliminary images of biological tissues (rat tail tendon and pig tail tendon) were also successfully carried out.
